The EDGES low-band experiment has measured an absorption feature in the cosmic microwave background radiation (CMB), corresponding to the 21 cm hyperfine transition of hydrogen at redshift z 17, before the era of cosmic reionization. The amplitude of this absorption is connected to the ratio of singlet and triplet hyperfine states in the hydrogen gas, which can be parametrized by a spin temperature. The EDGES result suggests that the spin temperature is lower than the expected temperatures of both the CMB and the hydrogen gas. A variety of mechanisms have been proposed in order to explain this signal, for example by lowering the kinetic temperature of the hydrogen gas via dark matter interactions. We introduce an alternative mechanism, by which a sub-GeV dark matter particle with spin-dependent coupling to nucleons or electrons can cause hyperfine transitions and lower the spin temperature directly, without affecting the kinetic temperature of the hydrogen gas. We consider a model with an asymmetric dark matter fermion and a light pseudo-vector mediator. Significant reduction of the spin temperature by this simple model is excluded, most strongly by coupling constant bounds coming from stellar cooling. Perhaps an alternative dark sector model, subject to different sets of constraints, can lower the spin temperature by the same mechanism.
Introduction
The epoch between the formation of the cosmic microwave background radiation (CMB) and reionization is commonly referred to as the cosmic dark ages. In this epoch, matter is largely uniform and transparent to radiation. An exception to its transparency is the hyperfine transition of the hydrogen atom, between its electron ground state triplet and singlet states. The transition energy corresponds to a photon wavelength of 21 cm, which can interact with the CMB. Excitations and deexcitations are also caused by gas collisions and Lyα radiation. The relative abundance of singlet and triplet states can be parametrized by a spin temperature, which will tend to the temperature associated with the dominant process of hyperfine transitions. If the spin temperature is lower than the CMB temperature, this will cause an absorption feature in the CMB. For the first time, such a signal has been observed by the EDGES experiment before the epoch of reionization [1] . The results suggest that the spin temperature at redshift z 17 is lower than the expected temperatures of both the CMB and the hydrogen gas. While the validity of this measurement is still up for debate [2] , it will hopefully be independently tested in the near future. If the result persists, there will be a definite need to explain it with new, possibly dark sector, physics.
A number of articles have discussed the possibility that dark matter can cool the hydrogen gas, which in turn couples to the spin temperature. In a standard scenario, the hydrogen gas has cooled adiabatically since its thermal decoupling from the CMB. Because the dark matter is significantly colder, spin-independent interactions with a v −4 velocity dependent cross section can cool the gas temperature around redshift z 17. Such models are constrained to a sub-dominant component of milli-charged dark matter, constituting only about one per cent of the total dark matter abundance [3, 4, 5, 6] .
We propose an alternative mechanism by which spin-dependent dark matter interactions can lower the spin temperature, not by lowering the kinetic temperature of the hydrogen gas but by directly causing hyperfine transitions in the hydrogen atom. We consider a sub-GeV dark matter fermion with spin-dependent interactions with either nucleons or electrons, mediated by a light pseudo-vector. Due to the mass difference between hydrogen and the dark matter fermion, momentum transfer is strongly suppressed, such that the hydrogen gas temperature is left unaffected by dark matter interactions. However, because interactions are spin-dependent, they can excite or deexcite the hyperfine triplet state. Because this is an inelastic collision, excitations become energetically impossible in the low velocity limit, while deexcitations are significantly enhanced.
The paper is outlined as follows. In Sec. 2 we present the theoretical background for spin temperature thermodynamics, our dark sector particle model, and the relevant cross sections and scattering rates. We discuss constraints to the dark sector parameter space in Sec. 3. In Sec. 4, we present the results in terms of how dark matter can affect the spin temperature. Finally, we discuss and conclude in Sec. 5.
Theory
In this section we present the theoretical background necessary to calculate the spin temperature under the influence of CMB radiation, gas collisions, Lyα radiation, and dark sector interactions. A review on the subject of 21 cm cosmology, from where most of the thermodynamic formalism in this article is taken, can be found in [7] .
Spin temperature
The spin temperature, although not a true thermodynamic temperature, is defined by the relative abundance of triplet and singlet states in the hydrogen gas, according to
where n 0 and n 1 are the singlet and triplet number densities, and
is the temperature that corresponds to the hyperfine transition energy
The spin temperature can be derived as follows. Because all relevant processes are much faster than the spontaneous deexcitation of the triplet state, we can assume equilibrium. The ratio of hydrogen triplet and singlet states is equal to the ratio of excitation and deexcitation probabilities (P 01 and P 10 ). The three main processes that cause these transitions are interactions with the CMB, gas collisions, and Lyα radiation, denoted by indices γ, k, and α.
The excitation and deexcitation probabilities are related to each other via simple functions of the temperature, giving [8] 3 exp − T T s =
where A 10 = 2.85 × 10 −15 s −1 is the spontaneous decay rate of the triplet state, and T i={γ,K} are the temperatures of the CMB and hydrogen gas (the color temperature of the Lyα radiation is closely related to T K by scattering recoil). 2 The transition probability of going from the triplet to the singlet state due to gas collisions is equal to
where n H and n e are the number densities of hydrogen atoms and free electrons, and κ H 10 and κ e 10 are their respective scattering rates [9, 10, 11, 12] . Scattering by free protons can be neglected as it is always sub-dominant to free electrons. Approximate functions for κ H 10 and κ e 10 , valid in our regime of 2 Although not adopted here, it is common to rewrite Eq. (4) using the simplification
which is valid for T T . This gives
where x i={K,α} are coupling strengths equal to
temperatures, are [13, 14] κ H 10 = 3.1 × 10 −11 T 0.357
The number density of hydrogen is
where f H is the mass fraction of hydrogen with respect to the total baryonic density, Σ b and ρ c are the baryon abundance and critical density of the ΛCDM model, and m H is the hydrogen mass. The fraction of free electrons is given by the Saha equation as a function of temperature. Before the era of cosmic reionization, around redshift z 15-20, the first stars of the universe starts heating the hydrogen gas and also couples the spin temperature to the gas temperature via Lyα radiation, through the Wouthuysen-Field effect [15] . The theoretical predictions for when this heating begins or how the coupling strength evolves with time are not very well constrained [16] . We do not specify any model for the heating of the hydrogen gas and Lyα coupling of the spin temperature, but suffice by saying that it comes into significant effect around a redshift of z 17. For dark matter models with spin-independent interactions, lowering the spin temperature is contingent on a significant amount of Lyα radiation being produced, coupling the spin and hydrogen gas temperatures, before any significant heating of the hydrogen gas takes place. The dark sector model considered in this work is qualitatively different, in that it lowers the spin temperature directly. For this reason, the specific behavior of star formation and Lyα radiation is not detrimental to the results of this work.
The evolution of the spin temperature as a function of redshift is visible in Fig. 1 , for the case where no dark matter is affecting the spin gas. At high redshifts, the CMB and gas temperatures are thermally coupled through a small fraction of free electrons, following T γ,K ∝ 1 + z. At redshift z 200, the gas temperature decouples from the CMB and cools adiabatically at a rate T K ∝ (1 + z) 2 . For some time, gas collisions are the dominant process of hyperfine transitions and the spin temperature follows the gas temperature T K . As the gas temperature drops and collisions become less frequent, the spin temperature couples to the CMB. At redshift z 17, star formation heats the hydrogen gas and Lyα radiation couples the spin and gas temperatures.
In this work, we introduce a dark matter species that causes hyperfine transitions via spin-dependent interactions. The above equations have been standard for 21 cm cosmology, but now we add extra terms to Eq. (4), ac-
The deexcitation rate due to dark matter interactions is given by
where n χ is the number density of dark matter particles, σ + χN is the inelastic deexcitation cross section of Eq. (17), and fT (v) is the Maxwell-Boltzmann velocity distribution with a velocity dispersion parametrized by an effective temperatureT (see section 2.3). The excitation rate P χ 01 is equivalently expressed,
where σ − χN is the inelastic excitation cross section. The lower bound of the integral is different from the deexcitation case, because excitation through lower collisional velocities is energetically impossible. The excitation and deexcitation cross sections are presented in Sec. 2.2.1.
Dark sector particle model
We consider a dark sector particle model consisting of a fermion χ, with a mass between 1 keV and 10 MeV, with spin-dependent coupling to nucleons or electrons through a pseudo-vector mediator V , with a mass between 1 meV and 10 eV. The interaction terms of the Lagrangian are written
where N is a baryonic nucleon, and g χ and g N are coupling constants. For leptophilic dark matter, the nucleon N is replaced with an electron e. The mediator V is significantly lighter than the dark matter fermion χ. In order to prevent pair annihilations that would deplete the universe of the dark matter fermion component, this fermion must be asymmetric [17, 18] .
The cross section of elastic nucleon-dark matter interactions at nonrelativistic velocities is equal to
where v is the collisional velocity and c is the speed of light. This cross section has a v −4 velocity dependence, down to v/c m V /m χ . This lower bound corresponds to when the de Broglie wavelength of the incoming dark matter particle is longer than the range of the force, set by the mass of the force carrying particle.
Inelastic scattering cross section
In a collision between particles where one of the particles is excited or deexcited, there will be a deficit or surplus of kinetic energy in the outgoing particle trajectories. If the collisional energy is sufficiently low, excitations become kinetically forbidden and deexcitations become amplified. This can be described by a form factor, which is an additional contribution to the elastic scattering cross section.
Given a surplus of outgoing kinetic energy δE and assuming non-relativistic velocities, the form factor is given by the ratio of in-going and out-going phase space volumes. Written in terms of collisional velocity v, the form factor for hydrogen-dark matter inelastic scattering is equal to
where µ ≡ m H m χ /(m H + m χ ) is the reduced mass of the hydrogen atom and dark matter fermion, and Θ(µv 2 /2 + δE) is the Heaviside step function, only relevant in the excitation case for which δE < 0. In the limit m χ m H , we have that µ = m χ , and almost all of the surplus energy δE is carried away by the dark matter particle.
Excitations are quenched and deexcitations are significantly amplified when the in-going collisional energy is smaller than the hyperfine transition energy E . This is illustrated in Fig. 2 , where the form factor is shown as a function of collisional velocity.
There is a negligible contribution to the cross section coming from the virtual boson propagator now carrying additional momentum in deexcitation, and reduced momentum in the excitation case. This can safely be ignored, as m V E . The full cross section of inelastic scattering is
where σ χN (v) is the elastic cross section of Eq. (15) . The cross section enhancement as a function of collisional velocity, with respect to v = c, is shown in Fig. 3 .
There is no significant Sommerfeld enhancement of the scattering cross section. Slatyer [19] has calculated the annihilation cross section for dark matter particles with inelastic interactions mediated by a scalar φ, with coupling constant g and energy splitting δE. They find that Sommerfeld enhancement can only be significant if the following conditions are fulfilled:
The hydrogen-dark matter interactions considered in this work have a similar behavior, although we replace g 2 by g N g χ . Given the coupling constant limits that are discussed in Sec. 3, these conditions are not fulfilled; for example, the second condition is clearly broken, as E /m H 10 −9 g N g χ , where we have used the hydrogen mass which is the heavier particle in the interaction.
Effective temperature of hydrogen-dark matter collisions
Given a hydrogen gas and a dark matter gas, following Maxwell-Boltzmann velocity distributions with velocity dispersions v 2 H and v 2 χ , the relative velocities between a hydrogen and dark matter has dispersion ṽ 2 = v 2 H + v 2 χ , also following a Maxwell-Boltzmann distribution. The two gases are not in equilibrium with each other and have separate temperatures. Yet, the average collisional velocity between hydrogen and dark matter can be parametrized by an effective temperature, given by the equatioñ
In the limit that m χ m H and T χ /T H m χ /m H , we get that which can be significantly lower than the spin temperature.
In an ideal case, the dark matter gas would be absolutely inert, although this is not entirely realistic. There can be relative bulk motions of the hydrogen and dark matter gases, with velocities comparable to the sound speed of the hydrogen gas [20] . Furthermore, even if we assume the dark matter to be infinitely cold at high redshift (z 1100), it can heat up due to interactions with the hydrogen gas. The energy transfer from the hydrogen is kinematically disfavored due to the relative mass difference between hydrogen and the dark matter fermion; for this reason, heating is dominated by inelastic collisions where energy is transferred from the spin gas. The energy contained in the spin gas is very small, but the effective temperatureT is sensitive even to a very small increase in the dark matter temperature T χ . It will be evident in Sec. 4 that heating of the dark matter gas is more significant than the relative bulk motion of hydrogen, such that the latter is negligible.
The net heating of the dark matter temperature, at some redshift, is
The redshift factors (1 + z) 2 and (1 + z ) −2 , outside and inside the integral, are due to adiabatic cooling by expansion. The assumption that the dark matter is inert at the time of recombination sets the upper bound of the integral. As we shall see in Sec. 4, heating is negligible for z 100. Because the relevant era is matter dominated, the derivative of time with respect to redshift is equal to
The energy absorbed by the dark matter gas per unit time is equal to
whereĒ − (v) andĒ + (v) are the mean energies via excitation or deexcitation interactions, respectively. These are approximated in the following way,
which are the maximal energy transfers of the respective processes, and thus over-valued. The dominant part in this heating process is the deexcitation energy E . To first order, the above approximation ofĒ ± is correct, as long as the increase in kinetic energy per dark matter fermion is of similar order of magnitude or smaller than E . Due to the coupling constant limits, which are discussed in Sec. 3, the dark matter fermion self-interactions are stronger than dark matter-baryon interactions, such that energy absorbed from the spin gas is quickly distributed in the dark matter gas.
Dark sector limits
The limits on sub-GeV dark matter is discussed thoroughly by Green and Rajendran [21] and Knapen et al. [22] , where they consider a model with a fermion χ and a scalar mediator φ, with interaction terms of the form g χ φχχ. While that model has spin-independent interactions, similar limits apply to the model considered in this work. In the mass ranges of interest, the strongest limits to the dark matter-hydrogen cross section, as expressed in Eq. (17), comes from a combination of stellar cooling limits to g N and g e , and dark matter self-interaction limits to g χ .
For scalar mediator particles with masses below ∼ 10 keV, the cooling of horizontal branch stars, red giant stars and white dwarfs sets an approximate bound of g N 10 −12 for hadrophilic interactions [23] and g e 10 −15 for leptophilic interactions [24, 25] . For very light mediator masses, fifth force searches constrain these coupling constants to g N 10 −12 × (m V /eV) 3 and g e 10 −9 × (m V /eV) 3 , respectively [26] . Fifth force limits are dominant for m V 1 eV in the hadrophilic case, and m V 10 −2 eV in the leptophilic case. These limits are model dependent, and differ for a spin-dependent interaction. For the hadrophilic coupling constant limits, the dominant process for stellar cooling is the Compton process γ + He → He + φ, involving helium. For a spin-dependent interactions, this process can be suppressed due to destructive interference of the helium core's nucleons, whose total spin is zero. Calculating new limits for spin-dependent interactions is beyond the scope of this work; similar limits apply, although with some modifications, possibly less restrictive.
In addition to the scalar mediator limits described above, the coupling constants g N and g e are subject to even stronger constraints in a pseudovector case, due to coupling to anomalous currents, as well as (energy/m V ) 2 enhanced coupling to the mediator's longitudinal mode. Coupling to anoma-lous currents affect for example meson decay rates; such couplings can be suppressed through the introduction of other dark sector fields [27] . Longitudinal mode enhancement also affects mediator production rates, giving significantly stronger bounds for stellar cooling: g N 10 −17 × (m V /eV) and g e 10 −18 × (m V /eV) [28, 29] . While the enhancement of the longitudinal mode is an infra-red effect, it is contingent on the ultra-violet completion of the model and intimately connected with how the mediator's mass is generated. To suppress this enhancement, it is necessary to introduce new physics in the relevant energy scale (∼ MeV for stellar cooling); introducing new fields is strongly constrained at such low energies. In summary, constructing a more complete model that evades these constraints is beyond the scope of this work, and most likely very challenging.
The effective number of relativistic degrees of freedom N eff during Big Bang nucleosynthesis (BBN) and recombination constrains the introduction of low mass dark sector particles. However, for couplings smaller than g N 10 −9 , the dark sector proposed in this work is decoupled from the Standard Model before BBN [22] . Another concern is the mechanism that sets the relic abundance of the dark matter fermion χ. This can be accomplished via other dark sector particles or even non-thermal production, but the exact nature of this mechanism is not the primary focus of this work.
If the total dark matter abundance is constituted by the fermion χ, the coupling constant g χ will be limited by dark matter self-interaction through the Bullet Cluster. The self-interaction cross section is
The factor of two that appears here, with respect to equation (15) , is due to the reduced mass of the interacting particles.
In the case of a velocity independent self-interaction, the cross section is limited to σ χχ 1 × (m χ /g) cm 2 [30] . Because we have a velocity dependent cross section, we use the 4700 km/s merger velocity of the Bullet Cluster, giving a limit 
where the mediator mass m V has been neglected. For a sub-dominant dark matter species, self-interaction bounds are far less restrictive. As argued in [31] , for a dark matter species contributing 30 % to the total dark matter density, self-interaction can in principle be arbitrarily strong, such that we can set g χ 1. If this dark matter component is dissipative, by internal Bremsstrahlung emission of a light mediator, substructures can form, for example a thin dark disk within the Milky Way and other galaxies [31, 32] . Current bounds to such a thin dark disk limits a self-interacting sub-component to at most a few per cent of the total dark matter abundance [33, 34, 35] . In our case, the mediator is not massless, such that dissipation by self-interaction is quenched below some collisional velocity threshold. For example, given a dark sector mass ratio of m V /m χ = 10 −7 , Bremsstrahlung is suppressed for collisional velocities smaller than ∼ 100 km/s, such that a thin dark disk cannot form in the Milky Way.
Results
In this section, we present how the spin temperature evolves under the influence of the dark sector and compare with coupling constant limits. We assume that the asymmetric fermion χ is a dark matter sub-component, constituting ten per cent of the total dark matter abundance. As discussed in Sec. 3, no self-interaction bounds apply, and we set g χ = 1.
In Fig. 4 we demonstrate how the spin temperature evolves with redshift, similar to Fig. 1 , although under the influence of the dark sector. The spin temperature is plotted for three separate cases:
(a) the dark matter gas is assumed to be cold and inert at all redshifts; (b) the dark matter gas is inert initially, but heats with time; (c) the dark matter gas is warm initially, such that heating is negligible.
The mass values in this figure are taken to be m χ = 10 MeV and m V = 1 eV. In all three cases, the coupling constant g N is normalized such that T s = 3 K at redshift z = 17, which is what the EDGES measurement suggests. The coupling constant g N is the lowest for the ideal case (a), and the highest for the warm case (c), but differ only by a small numerical factor.
As seen in Fig. 4 , the spin temperature is strongly coupled to the CMB and hydrogen gas temperatures at z 1000, mainly due to hydrogen-electron collisions. As the density of free electrons goes down, the spin temperature begins to be affected by the dark sector. At high redshift, cases (a) and (b) differ only due to their different coupling constant normalizations; the effective temperature is set by the gas temperature only and is proportional toT ∝ 1+z, until z 200 where it followsT ∝ (1+z) 2 . For case (b), heating of the dark matter becomes significant around z 80, where the dark matter gas has heated enough for its velocity dispersion to become comparable to that of the hydrogen gas. For case (c), the velocity dispersion of dark matter is larger than that of hydrogen and the effective temperature is proportional to the dark matter temperature, and followsT ∝ (1 + z) 2 until the era of star formation.
The spin temperature evolves differently for the three cases. For case (b), where the dark matter gas is inert initially but heats up, the minimum spin temperature is found at a quite high redshift z 50, and the spin temperature troth is very wide. For the other two cases, the minimum is located around z 17 (depending on the details of star formation). Close to this minimum, the spin temperature is proportional to T s ∝ 1 + z, cooling slower than the hydrogen gas temperature at this redshift. For other mass values the results are the same, with the exception of mass ratios m V /m χ 10 −6 , for which the v −4 dependence is halted already at higher redshifts. For such high mass ratios, the minimum of the spin temperature is found at even higher redshifts and the troth is widened; this effect is especially pronounced for cases (a) and (b). The width of this troth is also dependent on the abundance of the dark matter sub-component χ; a higher abundance not only permits a lower cross section, but also changes its heat capacity and makes the dark matter gas less prone to heating.
In Fig. 5 , we present the coupling constant g N or g e that gives rise to a spin temperature T s = 3 K at redshift z = 17, for different dark sector masses, assuming case (b) where the dark matter gas is inert initially but heats up with time. These values can be compared to the bounds to g N and g e discussed in Sec. 3. For low mass ratios m V /m χ , a thin dark disk could form in the Milky Way, giving stronger limits to the dark matter fermion sub-component abundance. In this scenario, the dark matter gas would be more prone to heating due to a lower heat capacity. For this reason, mass ratios m V /m χ < 10 −8 are excluded in Fig. 5 (upper left corner) .
In Fig. 5 , the coupling constant and the mediator mass are related according to g N ∝ m 2 V . If coupling to anomalous currents and longitudinal mode enhancements are present, as discussed in Sec. 3, significant reduction of the spin temperature will be excluded by many orders of magnitude in both g N and g e . Even if both anomalous couplings and longitudinal mode enhancements are suppressed, other bounds are still significant. For coupling to electrons, limits are g e 10 −15 for mediator masses m V > 10 −2 eV. Given masses m V 10 −2 eV and m χ 1 MeV, the coupling constant necessary for that gives rise to a spin temperature of T s = 3 K at redshift z = 17, for different dark matter fermion and mediator masses. In this figure, the dark matter fermion is assumed to constitute ten per cent of the total dark matter abundance, with coupling constant g χ = 1. sufficient reduction of the spin temperature is higher, but only by a relatively small numerical factor. Hence the leptophilic case seems to be excluded by a small margin, assuming that the same bounds apply for spin-dependent interactions. For coupling to nucleons, limits are g N 10 −12 for mediator masses m V > 1 eV. Sufficient spin temperature reduction could be achieved with a coupling constant slightly higher than 10 −11 .
Discussion
We have considered a dark matter model with spin-dependent interactions with electrons or protons, to explore if such a model could explain the 21 cm absorption signal detected by the EDGES low-band experiment. In this model, the spin temperature of the hydrogen gas is lowered directly by spin-dependent dark matter interactions, without affecting the kinetic temperature of the hydrogen gas. This model has some merits with respect to dark matter models with spin-independent interactions. It does not need Lyα radiation induced coupling of the kinetic gas and spin temperatures to precede heating of the hydrogen gas. Neither is this cooling mechanism significantly affected by relative bulk motions between the hydrogen and dark matter gases. In order to evade bounds to dark matter self-interactions, it is necessary that the dark matter fermion is a sub-component constituting 30 per cent of the total dark matter abundance. This is less fine-tuned than for hydrogen gas cooling by milli-charged dark matter, which is constrained to 0.3-2 per cent of the total dark matter abundance [3, 4, 5, 6] .
The 21 cm absorption profile that was fitted to the EDGES signal has the form of a well with steep walls on both sides and a flat bottom [1] . The wall at lower redshift, z 15, is due to stellar heating and Lyα radiation, which is dependent on details of star formation in the era before reionization and less so on the considered dark matter model. The wall at higher redshift, z 20, is on the other hand highly dependent on the details of the dark sector. The rate of spin temperature reduction is most steep (T s ∝ 1 + z) if the dark matter gas is slightly warm to begin with, such that the energy it absorbs from the spin gas is negligible. This model could be excluded with a precise measurement of the absorption profile, if it is indeed found to be more steep than can be accounted for with this model. For now, the exact shape of this profile is highly uncertain.
Electron or nucleon coupling with a light pseudo-vector are strongly constrained due to couplings with anomalous currents and enhanced production of the pseudo-vector's longitudinal mode, which excludes significant reduction of the spin temperature by a large margin. If anomalous couplings and longitudinal mode enhancement can be suppressed in the ultra-violet completion of the model, the model is still subject to the following limits. For dark sector coupling with electrons, it seems that significant reduction of the spin temperature is marginally excluded by bounds from stellar cooling and fifth force constraints. For dark sector coupling with protons, the case is somewhat more complicated. There are bounds to a light mediator coupling to protons, coming from cooling of horizontal branch stars and red giant stars. However, the dominant cooling process is mediator production by helium. As discussed in Sec. 3, interactions with helium are suppressed in the case of spin-dependent interactions. For this model to give rise to a significant reduction of the spin temperature in the era before reionization, the limits to the proton coupling constant must be alleviated by one or two orders of magnitude with respect to the scalar mediator case.
In summary, we consider a novel mechanism for lowering the spin temperature before the era of cosmic reionization. For the simple model we consider, significant spin temperature reduction is excluded by limits from stellar cooling of red giant and horizontal branch stars. Potentially, a more complete or alternative dark sector model, subject to different sets of constraints, can affect the spin temperature via the same mechanism.
